BACKGROUND: Maternal obesity is a major problem in obstetrics, and the placenta is involved in obesity-related complications via its roles at the maternal-fetal interface. We have recently shown a causative role for micro(mi)RNA-210, a so called 'hypoxamir' regulated by HIF-1α, in mitochondrial dysfunction in placentas from women with preeclampsia. We also reported mitochondrial dysfunction in placentas with maternal obesity. Here we hypothesized that expression of miR-210 is dysregulated in the placentas with obesity. METHODS: Placentas from uncomplicated pregnancies were collected at term from healthy weight or control (CTRL, pre-pregnancy body mass index (BMI) o25), overweight (OW, BMI = 25-24.9) and obese (OB, BMI430) women following C-section with no labor. Expression of miRNA-210 and its target genes was measured by reverse transcription-PCR and Western Blot, respectively. Mitochondrial respiration was assessed by Seahorse Analyzer in syncytiotrophoblast (ST) 72 h after cytotrophoblast isolation. RESULTS: Expression of miR-210 was significantly increased in placentas of OB and OW women with female but not male fetuses compared with CTRL placentas of females. However, expression of HIF-1α in these placentas remained unchanged. Levels of tumornecrosis factor-alpha (TNFα) were increased in OW and OB placentas of females but not males, and in silico analysis suggested that activation of miR-210 expression in these placentas might be activated by NFκB1 (p50) signaling. Indeed, chromatin Immunoprecipitation assay showed that NFkB1 binds to placental miR-210 promoter in a fetal sex-dependent manner. Female but not male STs treated with TNFα showed overexpression of miR-210, reduction of mitochondrial target genes and decreased mitochondrial respiration. Pre-treatment of these STs with small interfering RNA to NFkB1 or antagomiR-210 prevented the TNFα-mediated inhibition of mitochondrial respiration. CONCLUSIONS: Our data suggest that the inflammatory intrauterine environment associated with maternal obesity induces an NFκB1-mediated increase in miR-210 in a fetal sex-dependent manner, leading to inhibition of mitochondrial respiration and placental dysfunction in the placentas of female fetuses.
INTRODUCTION
Obesity is a major challenge to the overall health of the population and to the economics of the health care system. Pregnancy in obese mothers generates an adverse intrauterine environment via the inflammatory milieu 1 and metabolic derangements. 2, 3 Obesity impacts the outcome of the pregnancy per se, being associated with hypertensive disorders, gestational diabetes and thromboembolic events. [4] [5] [6] In addition, maternal obesity affects the fetus and newborn causing congenital malformations, large-for-gestational-age and intrauterine growth-restricted infants, stillbirth, shoulder dystocia, and leads to subsequent complications in later life, including obesity, cardiovascular disease and diabetes as a result of fetal programming. 4, 5, [7] [8] [9] Placental function is recognized as a critical regulator of fetal growth and development, as the organ that communicates the maternal and uterine environment to the fetus, and as a mediator of fetal programming. [10] [11] [12] We and others have demonstrated the presence of hypoxia, inflammation and oxidative stress in the placenta in various pathologic situations 13, 14 and their relationship to altered placental function and fetal programming. 15 Additional evidence for altered placental function in these pathologies is provided by proteomic studies, where differences in the placental proteome between normal pregnancies and those complicated by maternal obesity 16 are seen. Obesity was associated with marked downregulation of genes involved in the anti-inflammatory response, cell integrity and structure. 16 MicroRNAs (miRNAs) are highly conserved, regulatory molecules that have an important role in the post-transcriptional regulation of target gene expression by promoting mRNA instability or translational inhibition. 17 MiRNAs are expressed in placenta and alterations in their expression have been described in association with exposure to xenobiotics, 18 cigarette smoking 19 or with adverse pregnancy outcomes including preeclampsia 20, 21 and growth restriction. 22 MiR-210, a hypoxia-related miRNA (hypoxamir), was found to be involved in the hypoxic state in several tissues 23 under direct control of HIF-1α. 24 In addition, miR-210 is associated with mitochondrial dysfunction in various types of cancer 25 by shifting tumor metabolism from oxidative phosphorylation to glycolysis (Warburg effect). 26 We have previously shown an increase in the expression of miR-210 in placentas from women with preeclampsia and a causative role of miR-210 in placental mitochondrial dysfunction. 27 We have also recently reported inhibition of mitochondrial respiration, a decrease in ATP content and in mitochondrial biogenesis in placentas from women with increased adiposity. 28 Based on these findings, we hypothesized that miR-210 expression is dysregulated in the placenta with maternal obesity.
PATIENTS AND METHODS

Ethical approval and study participants
Placentas were collected with informed consent from patients from the Labor and Delivery unit at University Hospital San Antonio under a protocol approved by the Institutional Review Board of the University of Texas Health Science Center San Antonio.
Materials
Oligomycin, FCCP (4-(trifluoromethoxy) phenylhydrazone), rotenone and antimycin A were obtained from Sigma (St Louis, MO, USA) and dissolved in dimethylsulfoxide as 2.5 mM stock solutions. TNFα was purchased from Sigma. NFkB1 (p50), NFkB (p65) and Histone 3 antibodies were obtained from Cell Signaling (Danvers, MA, USA), and HIF-1α antibody was obtained from BD Biosciences (San Jose, CA, USA).
Collection of placental tissue
Collection of placental tissue was performed immediately following delivery by cesarean section at term in the absence of labor from uncomplicated pregnancies from women with a range of pre-pregnancy BMI, grouped as healthy or control (CTRL, body mass index (BMI) 18.0-24.9), overweight (OW, BMI 25-29.9) and obese (OB, BMI430).
Tissue processing and sampling
A random sampling technique was used to collect placental tissue from five sites. Villous tissue was dissected out from beneath the chorionic plate, avoiding the basal plate, flash frozen and stored at -80°C. Tissue was subsequently thawed, the five samples from each placenta were combined and homogenized by mini bead beater (Biospec Products, Bartlesville, OK, USA) in lysis buffer as described earlier. 14 Total protein in the homogenates was estimated using Bradford's reagent (Bio-Rad, Hercules, CA, USA).
Placental TNFα content
Placental TNFα content was determined by Quantikine ELISA kit from R&D Systems (Minneapolis, MN, USA) according to manufacturer's instructions. The range of the standard curve was from 0 to 1000 pg ml − 1 . For the assay, 20 μg of placental total protein was used. The samples were read at 450 nm in 96-well plates. The within-assay variation was 7.3% (n = 36). The TNFα content was calculated as pg per mg placental protein.
Reverse transcription-PCR
Total RNA was isolated using miRNAeasy kit from Qiagen (Valencia, CA, USA). To determine the expression of miR-210, 5-10 ng of total RNA was reverse transcribed using the TaqMan MicroRNA Reverse Transcription Kit (Foster City, CA, USA). TaqMan reactions were conducted using commercially available validated primer/probe sets (Applied Biosystems, Foster City, CA, USA) and normalized to U18 as an internal control. Expression of Iron-Sulfur Cluster Assembly Enzyme (ISCU) and NADH dehydrogenase (ubiquinone) 1 alpha subcomplex 4 (NDUFA4) messenger RNAs (mRNAs) was measured by reverse transcription-PCR (RT-PCR) as described before. 27 
Western blotting
Proteins were separated on 4-20% gradient precast gels (Bio-Rad), transferred onto nitrocellulose membranes and blocked with 5% milk in 0.1% Tween, 20 mM Tris (pH7.5)-buffered saline (TTBS) (w/v) for 1 h. Blots were probed with primary antibody in 1% nonfat milk powder/TTBS overnight at 4 1C and were detected using peroxidase-conjugated secondary antibody in 5% milk/TTBS for 1 h. Products were visualized by chemiluminescence (Millipore, Billerica, MA, USA). Band intensity was measured in a G:Box using Gene Snap and Gene Tools software (Syngene, Frederick, MD, USA).
Chromatin Immunoprecipitation (ChIP)
ChIP assay was conducted using a kit from Millipore. Trophoblast cells were fixed with 1% formaldehyde on ice to cross-link the proteins bound to the chromatin DNA. After washing, the cells were homogenized and the chromatin DNA was sheared by sonication to produce DNA fragments of 500-1000 bp. The same amounts of sheared DNA were used for immunoprecipitation with antibodies against NFkB1 or an equal amount of pre-immune rabbit IgG (Millipore). The immunoprecipitate was then incubated with protein A agarose/salmon sperm DNA (Millipore), and the antibody/protein/DNA/agarose complex was collected for subsequent reverse cross-linking. The same amount of sheared DNA without antibody precipitation was processed for reverse cross-linking and served as input control. DNA recovered from reverse cross-linking was used for quantitative RT-PCR. The primers for quantitative RT-PCR are as follows: proximal promoter 1 Forward 5′-TCAGCCGCTGTCACACGCAC-3′, Reverse 5′-CGCGCGAGGGATCCCAGGTT-3′; distal promoter Forward 5′-GGGTGGGA GTCAGGAGGTAT-3′, Reverse 5′-ATGTCAGACAGCACTCAGGC-3′. DNA precipitated with antibody against acetylated histone 3 lysine 9 was used as a positive control. The amount of DNA precipitated was calculated from the threshold cycle number of the amplification curve of quantitative RT-PCR. The percentage of antibody-precipitated and pre-immune IgG-precipitated DNA to input DNA was compared.
Isolation and culture of primary trophoblasts
Villous cytotrophoblasts (CT) were cultured as described 29 from placentas obtained from term uncomplicated pregnancies in lean women delivered by cesarean section in the absence of labor. CTs were plated at a density of ∼ 3.5 × 10 6 cells on 6-well plates or ∼ 8 × 10 5 cells in Seahorse XF24 plates (Seahorse Biosciences, North Billerica, MA, USA) and incubated for 72 h to allow syncytialization (syncytiotrophoblasts). Cell culture media (DMEM/ Hams F-12, supplemented with L-glutamine, penicillin, streptomycin, gentamicin and 10% fetal bovine serum) was changed daily. For NFκB1 manipulation, CTs were transfected after 24 h of plating with either 5 nM of siRNA NFκB1 or control siRNA using the Dharmafect transfection reagent (all from Thermo Scientific, Waltham. MA, USA). Transfection with antagomiR-210 was performed as described before. 27 Forty-eight hours after transfection, cells were either remained untreated or were treated with TNFα (10ng ml − 1 ) for 2 h. Twenty-four hours after the treatment, trophoblast oxygen consumption was measured or cells were harvested for future RNA and protein analysis.
Assessment of oxygen consumption rates of the cultured syncytiotrophoblasts (ST) was performed using a XF24 analyzer (Seahorse Biosciences) as described previously. 27, 30 oxygen consumption rate were normalized to total cellular protein (Bradford method).
Statistical analysis
Data are reported as mean ± s.e.m. Comparisons between two groups were performed using a Student's t-test. One or two-way analysis of variance and Tukey's post-hoc test was used to compare data sets with more than two groups. Po0.05 was considered significant. The TNFα data were analyzed by regression and correlation analysis against maternal BMI using Excel (Redmond, WA, USA) and GraphPad (version 5.0, La Jolla, CA, USA).
RESULTS
Demographic and clinical characteristics of study subjects
Demographic and clinical characteristics of study subjects are presented in Table 1 . Data from 36 women (n = 6 in each group and each gender) were analyzed according to the original group assignment. The patient groups did not differ by maternal and gestational ages, or by placental and fetal weights. As expected, the maternal BMI was significantly higher in the overweight and obese groups as compared with controls (Po 0.05).
Effect of maternal obesity on expression of miR-210 and target genes Expression of miR-210 was significantly increased in placentas from OW and OB women with female fetuses compared with controls (Figures 1a, P o0.05) but remained unchanged across groups in placentas of males ( Figure 1b ). This increased miR-210 expression was associated with a significant reduction in the mRNA and protein levels of two mitochondria-related miR-210 target genes, NDUFA4 and ISCU, in the OW and OB placentas of females compared with corresponding CTRL (P o 0.05, Figures 1c-g). In placentas of males, no significant changes in the mRNA and protein levels of target genes with maternal adiposity were observed. Notable, protein levels of ISCU and NDUFA4 were significantly higher in CTRL placentas of females (P o0.05) compared with males.
The transcription factor NFκB1 functions upstream of miR-210 in placentas with maternal obesity We next sought to determine the mechanisms, whereby miR-210 was upregulated in placentas with obesity. It was previously reported that miR-210 is induced by oxidative stress 31 in several tissues 23 under direct control of HIF-1α. 24 However, we did not find any differences in expression of HIF-1α with maternal obesity in male or female placentas (Figures 2b and c) . Obesity in pregnancy creates a physiologic state of chronic, low-grade inflammation, and inflammatory immune responses have been shown to act via degradation of IκB and activation of NFκB signaling. [32] [33] [34] Using enzyme-linked immunosorbent assay (ELISA), we have measured the concentration of pro-inflammatory TNFα in placentas of males and females over the range of adiposity. We found that placental TNFα content correlates positively with maternal pre-gravid BMI (r = 0.61, P o 0.03) but only in placentas of females (Figure 2a ). To examine the potential involvement of NFκB pathways in placentas with maternal obesity, we examined protein expression of NFκB p65, NFκB1 and IκB by Western Blot (Figures 2b and d-f ). When compared with CTRL group, protein expression of NFκB p65 was increased three to fourfold in OW and OB placentas of both males and females. Placental IκB was significantly reduced, potentially due to proteomic degradation, in OW and OB women with either male or female fetuses, indicating activation of NFκB signaling. In contrast, NFκB1 (p50) was significantly increased only in OW and OB placentas of females vs corresponding CTRL with no change in placentas of males. In addition, protein expression of NFκB1 was significantly greater in the female OW and OB placentas vs corresponding male groups.
Since a scan of 1.5 kb of genomic sequence located upstream of the predicted pri-miR-210 start site using Transcription Element Search System (TESS, University of Pennsylvania, PA, USA) and the CHIPBase software (Sun Yat-sen University, Guangdong, China) identified a putative NFkB1 consensus binding site, CHIP assay was performed using anti-NFκB1 antibody (Figures 2g-i) . NFκB1-coprecipitating DNA was analyzed by RT-PCR using miR-210 proximal promoter, positive binding site and distal promoter, negative binding site. We found significantly increased binding of NFκB1 to the miR-210 promoter in placentas of females from both OW and OB women (Figures 2g and h) . No changes in NFκB1 binding were detected in placentas of males over the range of maternal adiposity (Figures 2g and i) . Inflammation increases the expression of miR-210 in a fetal sexspecific manner To dissect the effect of NFκB1 on placental miR-210 expression, we mimicked an inflammatory response in vitro using primary trophoblasts isolated from placentas of women with a healthy BMI (o25) and with uncomplicated pregnancies (Figure 3 ). TNFα, a primary regulator of inflammatory pathways, was used to activate NFκB signaling. We confirmed the induction of NFκB p65 and NFκB1 in TNFα-treated trophoblasts by Western Blot (Figures 3a-c) . As expected, NFκB p65 expression was equally increased in the trophoblasts of males and females treated with TNFα (Po0.05, n = 3 independent experiments in each group). However, NFκB1 was induced only in TNFα-treated trophoblasts of females. Correspondingly, the expression of miR-210 was increased by 3.5-fold (Po0.05) in TNFα-treated trophoblasts of females only (Figure 3f ). Pretreatment of trophoblasts with siRNA to NFκB1 (Figure 3e ) and with antagomir-210 ( Figure 3f ) was sufficient to prevent the increase in miR-210 expression in TNFα-treated cells (Figure 3f ). While mRNA levels were similar (Figure 3g ), protein levels of the miR-210 mitochondria-related target genes, NDUFA4 and ISCU, were significantly decreased in TNFα-treated cells as compared with controls ( Figure 3h ). CHIP analysis confirmed an almost twofold increase in binding of NFκB1 to miR-210 promoter in TNFα-treated trophoblasts of female but not male fetuses, suggesting sexual dimorphism in trophoblast inflammatory responses (Figures 4a-c) .
Inflammation affects mitochondrial function in primary trophoblasts
To assess the effect of inflammation on mitochondrial respiration, we measured oxygen consumption rates using mito stress test 27, 28, 30 in TNFα-treated trophoblasts of males and females. In the trophoblasts of females, TNFα significantly decreased basal oxygen consumption as well as ATP-coupled respiration measured by adding the ATP synthase inhibitor oligomycin ( Figure 5 ). FCCP-stimulated oxygen consumption, a measure of maximal mitochondrial respiration, was decreased by 40% (Po 0.05, n = 3 separate experiments) with TNFα treatment ( Figure 5 ). Reduction in ATP-coupled and maximal respiration but not basal respiration was prevented when trophoblasts were pre-treated with siRNA to NFκB1 and antagomir-210 ( Figure 5 ).
No changes in mitochondrial respiration were detected in TNFα-treated trophoblasts of males ( Figure 5 ).
DISCUSSION
More than 60% of women entering pregnancy in the US are OW or OB. 35 Data from animal models and human studies suggest that increased maternal adiposity, reflected by greater maternal pre-pregnancy BMI, may affect adiposity in the offspring later in life. 36 Pregnancy per se is a state of inflammation and oxidative stress, which can be clearly demonstrated in the placenta, where production of reactive oxygen species by mitochondria and by various enzymes occurs. 37 The inflammation and oxidative stress are heightened in pregnancies with maternal obesity. 13 OB women are more likely to enter pregnancy in a subclinical inflammatory state since increased accumulation of body fat is associated with elevated cytokine levels. 38 Alternatively, maternal adiposity could produce a hypoxic state if glycosylated hemoglobin levels are increased and affinity for oxygen is reduced, decreasing oxygen transfer to the uterus and impairing normal placental development. 35 MiR-210 was classically described as a HIF-1α-regulated miRNA, and has been implicated in various pathophysiological pathways, such as cancer, cardiovascular diseases, oxidative stress and apoptosis. [39] [40] [41] [42] [43] In the placenta, miR-210 is significantly upregulated during preeclampsia, 20, 44 and we have shown that increased placental expression of miR-210 is involved in mitochondrial abnormalities during preeclampsia. 27 Using gain-and loss-offunction approaches, we found that miR-210 is necessary and sufficient for the placental mitochondrial dysfunction observed in preeclampsia. MiR-210 notably targets several mitochondriarelated proteins including ISCU and NDUFA4, which are critical for mitochondrial oxidation-reduction reactions and the assembly of electron transport system complexes, illustrating how miR-210 may strongly impact mitochondrial function.
Anton et al. 45 have shown that an increase in miR-210 expression causes repression of extravillous trophoblast invasion. These results supported a study performed by Zhang et al., 44 which found that miR-210 represses CT invasion and migration by inhibition of its other targets EphrinA3 and HOXA9, both involved in migration and vascular remodeling. In addition, Anton et al. 45 suggested that miR-210 has the potential to be a predictive and diagnostic biomarker for preeclampsia because serum miR-210 is elevated months before the onset of clinical symptoms.
In our recently published report, we showed a mitochondrial dysfunction, inhibition in mitochondrial biogenesis and metabolic inflexibility in male and female placentas with increased maternal adiposity. 46 Surprisingly, however, the increase in expression of miR-210 was observed only in the female placentas of OW and OB women but not males, suggesting that other obesity-related mechanisms might trigger the mitochondrial dysfunction in males. For example, our metabolomics analysis has recently shown a decrease in mitochondria-derived lipid metabolites in OB placentas of male but not female fetuses. This has been shown to be associated with a decreased β-oxidation 47 and might potentially underlie placental mitochondrial dysfunction in males. Presence of defective autophagy in OB placentas of males is another potential explanation. Defective autophagy in obesity has Sexual dimorphism, NFκB and miR-210 in placenta been previously linked to progressive increase in mitochondrial dysfunction. 48 Overexpression of miR-210 has already been shown in the settings of obesity. For example, pancreatic islets isolated from a mouse model of obesity-related diabetes had increased levels of miR-210 compared with lean mice, 49 as did gingival biopsy samples collected from OB vs lean patients. 50 Bye et al. 51 found an increase in circulating miR-210 in patients with reduced aerobic fitness, however, no correlation with patients' BMI was observed. We have studied a specific mechanism of activation of miR-210 expression in placenta in the obesogenic environment: the NFκB1 pathway (see schematic in Figure 6 ). We focused on this pathway because maternal obesity is associated with increased inflammation and oxidative stress in the placenta. 52 We show increased expression of miR-210 in placentas of females born to OB and OW mothers. Despite the fact that pregnancies with maternal obesity are characterized by increased oxidative/nitrative stress, 14 we did not find any changes in levels of the transcription factor HIF-1α. In fact, a recently published study reports a reduction in HIF-1α in placentas with maternal obesity. 52 This led us to a search for other transcription factors involved in regulation of miR-210 expression, and we show here that NFκB1 (p50) is able to bind the miR-210 promoter in a fetal sex-and maternal adiposity-specific manner. Our results are supported by the study of Zhang et al., 44 wherein JAR cells are exposed to TNFα, and the expression of miR-210 was shown to be regulated by NFκB1.
The NFκB family of inducible dimeric transcription factors are involved in activation of an exceptionally large number of genes in response to infections, inflammation and other stressful situations requiring rapid reprogramming of gene expression. 53 This study suggests that fetal sex has a major influence on regulation of NFκB1 activity in the placenta. Whether it is the presence of a Y chromosome, an extra X chromosome, epigenetic changes or a difference in the hormonal milieu, the sex differences in the placenta are remarkably reflected in the placental adaptation to adverse intrauterine environment and its programming effect on later life disease. While no changes in total DNA methylation of miR-210 promoter were observed (data not shown) in the placentas of males and females from the healthy, OW and OB women, other epigenetic mechanisms might be responsible for the sexual dimorphism seen in the settings of maternal obesity.
Estrogens, for example, have been shown to activate NFκB signaling. Vina et al. 54 report that estradiol activates mitogenactivated protein kinases, specifically ERK1 and ERK2, which, in turn, activate signaling pathways involving the transcription factor NFκB1 as indicated by an increase in abundance of the p50 subunit of NFκB. It remains to be clarified what triggers the sexually dimorphic effect of maternal obesity on placental function but comprehensive proteomics and metabolomics studies are underway to understand this important phenomenon.
Hormonal and genetic differences between males and females have considerable impact on regulation of miRNA function as well, however, there are very few studies highlighting the role of miRNAs in sex-biased diseases. Sex differences in expression of miRNAs have been observed in embryonic stem cell differentiation and germ line determination, where miR-302 is enriched in the male embryonic stem cell but not in female cells. 55 Another example is the sex-associated differential expression of miRNAs during lung development, which ultimately leads to differences in the structure and function of lungs between males and females. 56 In a murine model of fetal programming, male embryos were found to be most susceptible to maternal stress compared with female embryos. As adults, these male mice showed demasculinization in their response to stress, as well as a 'female' pattern of gene expression associated with neurodevelopment. The miRNA expression profile in these male brains showed a similarity to control female brains. 57 Sex differences have a major role in non-communicable diseases, such as obesity and metabolic syndrome. 58, 59 Wang et al. 60 have discovered that miR-221 and let-7 g were expressed more prominently in the plasma of women than men manifesting metabolic syndrome. This may have significant implications in the susceptibility of women to cardiovascular risk factors. Thus, it is likely that miRNAs are able to influence sex-specific responses to fetal programming, its pathogenesis and outcome.
In summary, our data provide evidence that the placenta responds to the maternal obesogenic environment in a fetal sexspecific manner. In placentas of female fetuses, an activation of signaling from inflammation via NFκB1 and miR-210 leading to mitochondrial dysfunction has been observed; all these features not being seen in placentas of males. Importantly, we demonstrate that primary trophoblasts derived from placentas of female fetuses showed higher sensitivity to inflammatory stress compared with placentas of males. Our findings reveal an essential role of maternal inflammatory status in regulation of placental mitochondrial metabolism and identify miR-210 as a central component of this fetal sex-biased metabolic regulatory mechanism.
